To evaluate developmental and physiological signals that may influence expression of the dihydropyridine-sensitive "slow"
Introduction
The exact molecular mechanisms that might control the expression of calcium channels during muscle ontogeny and adaptation are presently not understood. For example, the density of dihydropyridine (DHP)'-sensitive Ca2" channels is sub-A preliminary report of this research was presented at the Annual Meeting of the American Federation for Clinical Research, Washington, DC, May 1989, and has been published in abstract form (1989. Clin. Res. 37:296a).
genase; mck, muscle creatine kinase; nAchR 6, delta subunit of the nicotinic acetylcholine receptor; TGF( 1, type ,B-1 transforming growth factor. ject to homologous and heterologous regulation by DHPs and f3-adrenergic ligands (1) , may respond to membrane potential (2) or calcium itself (3) , and might be altered in cardiomyopathies of animals (4) and man (5) . Purification of the DHP receptor (DHPR) from transverse tubules of rabbit skeletal muscle (e.g., 6 ) and isolation ofthe corresponding cDNA (7, 8) have made Ca2+ channel gene expression accessible to molecular analysis, at least in skeletal muscle. The a,-subunit protein contains the receptor site for both DHP derivatives and phenylalkylamines (6) and possesses structural similarity to voltage-gated Na' and K+ channels (7, 9) . The inference that the DHP-binding polypeptide might function as the voltage-sensing component of the proposed Ca2+ channel complex is strongly supported by the demonstration that DHPR cDNA restores both "slow" current and excitation-contraction coupling in cultured skeletal muscle cells from mice with the lethal mutation, muscular dysgenesis (10) . A DHPR a, expression vector also is sufficient to produce voltage-gated, DHP-sensitive Ca2+ currents in murine L cells, which lack endogenous a2, as well as a1, subunits (11) .
Studies to elucidate the molecular genetics of Ca2+ channel expression would be facilitated by model systems whose biochemical and biophysical differentiation can be precisely regulated. We have previously analyzed the DHP-sensitive Ca2+ channels formed in differentiating C2 and BC3H 1 muscle cells (12) (13) (14) , whose slow kinetics of activation and DHP-binding properties correspond to those of skeletal muscle and are distinct from those found in neurons, smooth muscle, or cardiac muscle cells. Neither cell line expressed functional Ca2+ channels during proliferative growth, and the appearance of slow current was dependent on removal or depletion of serum growth factors (12, 14) . Conversely, Ca2+ channel formation could be prevented by transforming growth factor ,31 (TGF,3l), a peptide inhibitor of muscle differentiation (14) (15) (16) . Equivalent results were produced by transfection with an activated allele of the H-ras proto-oncogene (12) , encoding a guanine nucleotide binding protein that is postulated to mediate certain growth factor effects (12, (17) (18) (19) (20) (21) . Like the induction of slow channels assayed by whole-cell clamp techniques, formation of DHP receptor sites was contingent on serum withdrawal, and was suppressed both by ras and by TGFBI (13) .
These findings suggested that the ontogeny of Ca2+ channels during myogenesis may involve intracellular events similar to those that control formation of other muscle-specific gene products (20, 22) . However, a number of issues were still unresolved. First, the synthesis of a functional ion channel might involve control at diverse levels. Subunit assembly, glycosylation, translational control, and alternative mRNA splicing each have been implicated as potential regulatory steps in ion channel formation (23) (24) (25) , in addition to control at the level ofgene transcription. Second, the inference remains open to question, that growth factors and oncogenes would neces-sarily suppress Ca2l channel formation through a block to the induction of all muscle-specific genes. Finally, a variety of physiological signals including innervation and muscle activity stimulate dramatically the genes encoding other ion channels (e.g., [26] [27] [28] , whereas the available physiological data suggest that denervation of mammalian skeletal muscle exerts at most a very modest effect on slow Ca2+ current (29; cf. 30) and asymmetric charge movement, the postulated gating current for Ca2" release (31) . Together, these observations indicate that DHPR gene expression might possess regulatory features both in common with and distinct from other ion channels in skeletal muscle.
As a first step toward understanding the molecular events that determine Ca2+ channel expression, we have investigated DHPR gene expression during myogenesis, both in vivo and in vitro. The present study was designed to ascertain whether DHPR gene expression in mouse skeletal muscle is tissue-specific and developmentally regulated. C2 and BC3H1 muscle cells were analyzed to test the prediction that growth factors and oncogenes affect the expression of functional DHP-sensitive Ca2l channels through a block to induction of the DHP receptor gene, and to establish whether all muscle-specific genes necessarily are suppressed by nominal inhibitors of the myogenic pathway. Finally, experiments were undertaken to examine the possible control of DHPR gene expression by denervation.
Methods
Northern blot hybridization. Total cellular RNA was size-fractionated by formaldehyde-agarose gel electrophoresis and transferred to nylon membranes (32) (33) (34) . To identify putative DHP receptor transcripts, oligonucleotide probes were synthesized, complementary to nucleotides 1-60 and 4090-4131 of the DHP receptor cDNA isolated from transverse tubules of rabbit skeletal muscle (7) . Hybridization of DHPR probes was performed at 420C in 5X SSC/5X Denhardt's solution/5% NaDodSO4/50% formamide/ 100 gg -ml-I salmon sperm DNA; blots were washed twice in 3X SSPE/I% NaDodSO4 at 50'C for 15 min, then in IX SSPE/I% NaDodSO4 at 50'C. The a-skeletal and a-cardiac actin oligonucleotide probes were complementary to specific 3' untranslated portions of the corresponding cDNAs (35, 36) . The 5 subunit ofthe nicotinic acetylcholine receptor (nAchR 6) was analyzed using a 20-mer complementary to the 3'-untranslated nucleotides 1842-1861 ofthe murine sequence (37) . Muscle creatine kinase (mck) mRNA was measured using the 0.88-kbp Pst I fragment ofpHMCKIa (38) . Expression of MyoDl, which becomes activated as an early event in the myogenic pathway and confers the muscle phenotype to certain non-muscle cells, was examined using nucleotides 580-639 ofthe myc homology domain (39) . Oligonucleotide probes were end-labeled using T4 polynucleotide kinase, and cDNA restriction fragments were labeled by the random primer method (40 (14) . At 85% confluency, differentiation was induced in Dulbecco's modified Eagle's medium containing 2% horse serum. To induce differentiation of BC3HI muscle cells (42) , cells were fed medium with fetal bovine serum reduced from 20% to 0.5% (12, 18, 43) . All media were purchased from Gibco Laboratories (Grand Island, NY), and sera were obtained from Hyclone, (Logan, UT). Oncogene-transfected BC3Hl cell lines (cotransfected with the neomycin phosphotransferase as a dominant selectable marker) were thawed from low-passage stocks of clonal isolates described previously (12, 18, 43) and were maintained in medium containing 400,gg g ml-' G418. Clonal, ras-transfected C2 cells were a gift from Dr. Eric Olson (19 
Results
Dihydropyridine receptor gene expression is tissue-specific and developmentally regulated in vivo. To establish whether formation of the DHP-sensitive slow Ca2`channel in skeletal muscle is regulated through control at a pretranslational level, DHPR mRNA abundance was analyzed by Northern hybridization, using synthetic oligonucleotides derived from the a, subunit of the rabbit skeletal muscle DHPR cDNA (7, 8) . Our best results were obtained with the two oligonucleotides reported here, a 60-mer directed against the 5'-most portion of the coding sequence, and with a 42-mer corresponding to the S6 a-helix in domain 4. As shown in Fig. 1 , using 15 ,ug oftotal cellular RNA per lane, a 6.5-kb putative DHPR a, transcript was identified in postnatal C3H mouse skeletal muscle, in agreement with the size of the transcript reported in rabbit muscle (7, 8) . DHPR mRNA was detected even at 2 d, in agreement with the existence of functional slow channels in newborn mice (29), and its abundance increased 18-fold by 2 mo of age. Fast skeletal muscle (latissimus dorsi) expressed -1.8-fold more DHP receptor mRNA than slow skeletal muscle (soleus), as might be anticipated on the basis of the greater T-tubular volume, slow current density, and DHP binding in fast muscle (44, 45) . The probes were specific for skeletal muscle. Little or no binding was seen in mouse heart or brain, using either total RNA (Fig. 1 Figure 1 . DHPR gene expression is tissue-specific and developmentally regulated in vivo. Total cellular RNA (15 Ag * lane-') was isolated from C3H mouse tissues at the ages shown, and was analyzed by Northern blot hybridization, using the probes indicated at the left of the figure. The specificity and developmental regulation of actin sequences utilized in the subsequent experiments is shown at the bottom of the figure. The specific activities and exposure times for autoradiography differed, and the hybridization signal intensities are not intended to represent the relative abundance of the respective transcripts. A nonspecific hybridization signal at 4.0 kb associated with the leading edge of 28S ribosomal RNA also was seen with oligonucleotides directed against other transcripts. 28S ribosomal RNA is shown for comparison. LD, latissimus dorsi; Sol, soleus.
Bound (fmol-mg 1) Figure 3 . Development of [3H]PN200-1 10 receptor sites in C2 muscle cells. C2 muscle cells were subjected to hypotonic lysis, homogenized, and analyzed for equilibrium binding of [3H]PN200-l 10 as previously described (14) . Scatchard transformation of saturation analysis is shown for C2 muscle cell membranes 48 (12, 18, 43) .
We showed that ras selectively prevents the appearance of channels that require serum withdrawal, but has no effect on the K+ channels found in BC3H1 cells, which are expressed equally in differentiated and in proliferating cells (12) . The Northern blot in Fig. 6 demonstrates that an oligonucleotide probe specific for DHPR mRNA in skeletal muscle also identified a 6.5-kb transcript in differentiated BC3H1 cells. This finding agrees with the fact that slow channels in the nonfusing BC3H1 cell line have kinetic and ligand-binding properties that best resemble those found in skeletal muscle, not smooth muscle (12) (13) (14) .
As in C2 cells, DHPR mRNA was induced by serum withdrawal (Fig. 6) , whereas DHPR mRNA was not detected in BC3H 1 cells stably transfected with a mutant ras allele (Fig. 6) , in which neither functional slow channels nor DHP binding sites are detected (12, 13 Notwithstanding the absence of a-bungarotoxin binding sites in the ras-transfected cells (18) , in contrast ras did not abolish the induction of nAchR 6, whose potential regulation by transfected oncogenes has not previously been examined. nAchR 6 mRNA was upregulated 10-fold in ras-transfected BC3H I cells after mitogen withdrawal, and the level of expression was roughly equivalent to that attained in control cells (Fig. 6 ). Since BC3H 1 muscle cells differentiate through a mechanism independent of MyoD1 (39, 50) , to exclude the possibility that induction of nAchR a in the presence of a transforming ras gene was merely due to an anomaly in their myogenic program, DHPR and nAchR a transcript accumu- Figure 6 . An activated ras oncogene prevents DHPR gene induction through a mechanism that is permissive for expression of nAchR 6. RNA was isolated and analyzed following mitogen withdrawal for the intervals shown. The construction and characterization of clonal BC3H 1 cell lines, stably cotransfected with pSV2neo and oncogene expression vectors, have been detailed previously (13, 19, 44 (Fig. 7) . Thus, the inhibition ofDHPR gene expression by ras does not merely involve a block to the myogenic pathway. DHP receptor gene expression is relatively insensitive to denervation. To test the prediction, suggested by the existing biophysical data, that muscle activity also might exert differing effects on DHPR vs. nAchR gene expression, we analyzed RNA from fast and slow skeletal muscle 15 d after denervation, using the contralateral muscles as control (Fig. 8) . No more than a 0.35-to 0.52-fold increase in DHPR gene expression was detected. These results contrast with the upregulation of mRNA encoding nAchR 6 (up to eightfold). Qualitatively similar results were obtained at earlier time points, as well. Moreover, in agreement with a recent study (51) , denervated soleus muscle also exhibited reciprocal effects on the two sarcomeric actin genes: decreased expression of a-skeletal actin mRNA, concomitant with increased abundance of the a-cardiac actin t'anscript (up to 4.54old) associated with embryonic and neonatal skeletal muscle. Thus, changes in DHPR gene expression after denervation were 10-fold less than in the other muscle-specific genes which weretested.
To test the related hypothesis that stimulatory and inhibitory DHPs might themselves influence DHPR gene expression, we subjected C2 cells to serum withdrawal in the presence of vehicle alone, the optically pure DHP agonist (-)S Bay K 8644 (R5417), or the antagonist, nifedipine, at submaximal concentrations (1 gM). At 1 ,M, the amplitude of "slow" current elicited by voltage pulses to 0 mV was increased fivefold by (-)S Bay K 8644 and decreased 60% by nifedipine (not shown). Under the conditions tested, nifedipine stimulated DHPR gene expression no more than 0.5-fold, at 2 d (Fig. 9) . Unlike denervation, chronic exposure to nifedipine did not produce ajlarge increase in nAchR 6 mRNA levels. In the presence of (-)S Bay K 8644, little or no change in DHPR gene expression was measured; comparable results were obtained using the antagonist stereoisomer, ( 
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between the DHP-sensitive slow channel in skeletal muscle and classical L-type channels in other excitable tissues, and agrees with recent confirmation that the DHP receptor in other cell types may possess a differing, though related, primary structure (48) .
DHPR mRNA was identified in both fast (latissimus dorsi) and slow (soleus) muscle. Despite differences in the voltagedependence of both asymmetric charge movement and the inactivation of excitation-contraction coupling (reviewed in reference 54), this finding is not unexpected, as slow Ca2l channels in fast and slow muscle display similar kinetics and DHP sensitivity (44) . The apparent abundance of DHPR mRNA in fast versus slow muscle varied no more than twofold, in agreement with their relative T-tubular volume (45), slow current amplitude, asymmetric charge movement, and density of DHP binding sites (44) . More precise analysis of these and other small fluctuations in transcript abundance can best be performed by quantitative nuclease protection, using the autologous murine DHPR a, subunit sequence as the hybridization probe.
DHPR gene expression during myogenesis in vitro. In agreement with the conclusion that the increase in slow current density after birth could be accounted for by increased DHPR mRNA abundance, in cultured muscle cells we found that the induction of slow Ca2l channels by serum withdrawal (and their suppression by TGFi#1 or activated ras genes) all involve control at a pretranslational level. Both DHPR mRNA and functional DHP binding sites appeared during the interval from 24 to 48 h after serum withdrawal, and a single class of the binding sites existed, with an affinity typical of DHP receptors in adult skeletal muscle. Therefore, even if a second step were rate-limiting for the binding' site to become functional, the latency between message induction and expression of the mature receptor must be less than 24 h (cf. 25). It is unknown whether ion movement through slow Ca2l channels is responsible, even in part, for the effects of extracellular Ca2+ on muscle development (55) . Although the appearance ofCa2+ currents is one of the earliest events during myogenesis in certain primitive marine chordates (56), in C2 muscle cells, the genes encoding a-cardiac actin, a-skeletal actin, and mck each were induced before slow channels could be detected by Northern blot, ligand binding, or even whole-cell clamp analysis. These experimental findings do not exclude a possible role for DHP-sensitive channels at densities too low to be detected by the three procedures used, or bear on the likelihood that DHP-sensitive channels might participate in the activity-dependent modulation of muscle-specific genes at later stages (57) . In agreement with this interpretation, dysgenic muscle lacking slow channels also is reported to form sarcomeres (58) and express creatine kinase (59) , though at diminished levels.
Despite the theoretical possibility that growth factors might inhibit the opening probability for slow channels, through protein kinase C or other transduction pathways (e.g., 60), the results shown here support the interpretation, instead, that TGF31 prevents the appearance of functional slow channels (and DHP binding sites) at the level of DHPR transcript abundance. Furthermore, TGF#3l does not acutely decrease the amplitude of slow current in C2 muscle cells (14) . An unanticipated finding in the present study was the induction of nAchR 6 gene expression in ras-transfected BC3H I and C2 cells after serum withdrawal, which is noteworthy in several respects. First, the presence of nAchR 6 mRNA indicates that activation of c-H-ras does not preclude the appearance of all muscle differentiation products, as might be inferred from previous results (12, 18, 19, 62, 63 43, 64) , and the possibility therefore exists that properties differing, for example, between'ras-and erbB-transfected cells are not inherent to these genes. However, although equivalency of dosage has not been yet established for v-erbB, the ras-transfected BC3H 1 cells contain only a single copy of the activated allele, under the control of its own promoter, and c-H-ras mRNA abundance is increased no more than threefold (18) . By contrast, the SV40-driven c-myc gene produced myc mRNA levels that were 20-to 40-fold greater than those in control cells (43) . Other studies demonstrating "complete" inhibition of myogenesis by v-erbB (65) , v-myc (65, 66) or activated c-myc genes (64) have each retained at least 2% fetal bovine serum in the media used to induce differentiation, a concentration four times greater than that used here.
Furthermore, the presence of nAchR 6 mRNA in both ras-transfected BC3HI1 and C2 cells, which fail to express abungarotoxin binding sites (18, 19) , demonstrates that suppression of an ion channel need not involve each subunit mRNA. Activated ras genes also fail to suppress the nAchR a gene in transfected C2 cells (67). Thus, the highly regulated pattern of DHPR aI subunit gene expression neither is a foregone conclusion, nor can be predicted on the basis of measurements of current density and ligand binding. Finally, ras and other activated oncogenes produce contrasting effects in cell lineages whose DHP-sensitive Ca2`channels differ from the slow channels in skeletal muscle. For example, ras leads to induction of calcium channels in neuronal PC12 cells (67a), and selectively suppresses T-type, but not L-type, channels in NIH 3T3 fibroblasts (68) .
Conversely, the absence of DHPR mRNA despite contin- (27) (28) (29) 57) . The possibility has been suggested that cellular oncogenes might serve as "third messengers" that couple membrane currents to adaptive changes in gene expression in electrically excitable cells (70) . However, in agreement with the finding that denervation fails to increase asymmetric charge movement (31) 
